The application of plasma doping in three-dimensional (3-D) metal oxide semiconductor (MOS) transistors is proposed. One of the key steps in for fabricating 3-D MOS transistors with high-aspect-ratio channels is 3-D doping. Thus, plasma doping is analyzed and its profile is evaluated. Since conventional evaluation methods are not very effective for impurity concentration profiling along the sidewall of a vertical structure, a new method utilizing impurity-enhanced oxidation is proposed. By this method, an arsenic-doped layer of approximately 1 Â 10 20 cm À3 in concentration has been formed uniformly for a beam of 1 mm height and 0:2 À 1 mm width.
Introduction
To overcome the short-channel effect in planar metal oxide semiconductor field-effect transistors (MOSFETs), three-dimensional (3-D) transistor structures, such as double gates 1, 2) and vertical channels, 3, 4) that are found in FinFETs, [5] [6] [7] have been developed. In this study, a 3-D structure with a high-aspect-ratio channel called the beam channel transistor (BCT), as shown in Fig. 1 , is proposed. 8) One application of this 3-D structure is in the multichannel structure called the corrugatedchannel transistor (CCT), which is shown in Fig. 2 . 9) This structure provides a large drive current per unit planar area and may be suitable as a power transistor with a small die area.
One key process for realizing BCT is 3-D impurity doping. Using the conventional ion-implantation technique, the sidewall cannot be uniformly doped in general due to its directionality, even with the use of oblique implantation. Moreover, doping with a gas such as POCl 3 is not suitable due to its poor controllability of a low impurity concentration. Therefore, nearly isotropic plasma doping might be more suitable for 3-D doping, as reported in a previous work.
10) The estimated applicabilities of various doping methods to 3-D doping are summarized in Table I . It is expected that the BCT source/drain (S/D) formed by POCl 3 gas doping and its extension formed by plasma doping can provide a desirable transistor structure with controlled extension, as shown in Fig. 3 .
The doping profile of a beam with a high aspect ratio, as shown in Fig. 4 , is difficult to evaluate by secondary-ion mass spectroscopy (SIMS) because a small area on the sidewall of the beam to be evaluated cannot be accurately positioned. To overcome this problem, impurity-enhanced oxidation (IEO) 11) is developed in this study. It is known that oxidation rate differs with the impurity concentration of a doped silicon surface. By measuring oxide thickness using cross-sectional scanning electron microscopy (SEM), the average surface impurity concentration along the sidewall of a doped vertical structure is evaluated indirectly. In this manner, this new method is applicable for estimating the average impurity concentration of deep regions by extending oxidation time.
In this study, plasma doping is characterized focusing on 3-D doping for CCT.
Experimental and Discussion

Plasma doping apparatus
A schematic diagram of the plasma doping apparatus used in this study is shown in Fig. 5 . Plasma is discharged with a 13.56 MHz RF-power supply and negative bias is applied by direct current. The dopant gas is arsine, which is diluted by argon gas. The gas flow of arsine is 3 sccm, and that of argon is 27 sccm. The gas flow rate ratio is 1:9. The gas pressure is set to 2 Pa in most experiments.
Doping of planar sample
First, the doping concentration of a planar substrate is evaluated. Sheet resistance as a function of arsenic dosage is shown in Fig. 6 . The detailed conditions and results are summarized in Table II . Estimated plasma doping dose is defined as that obtained by integration of the total substrate current. As clearly depicted in the table, approximately 1% of the substrate ion current is an effective plasma doping dose. This may be caused by (i) approximately 10% of the argon ion current is that of arsenic, provided that the ionization rates are equal for both atoms, (ii) the subsequent loss of stuck arsenic atoms with sputtering, and (iii) additional current flowing into regions other than the wafer. For comparison a SIMS profile of a plasma-doped sample is shown in Fig. 7 with that of an ion-implantated one. 12) Natural oxide is removed with HF aqueous solution before SIMS. It is speculated that a small depth in plasma doping is caused by gaseous scattering and that arsenic ions come from various directions.
Doping of corrugated-channel structures
The doping profiles of corrugated-channel structures are evaluated as follows: First, such structures are formed using an anisotropic etchant of 2.5% tetra methyl ammonium hydroxide (TMAH) aqueous solution at 75 C. Next, plasma doping is applied to the structures. An SEM image obtained after doping is shown in Fig. 8 . The buried oxide (BOX) layer is underetched by the subsequent HF solution treatment. Compared with those on the initial surface, it is observed that the upper edges on the doped surface are slightly removed by sputtering. It is speculated that an enhanced electric field at the corner edge and enhanced sputtering on the inclined surface causes the enhanced sputtering at the upper edges. A schematic model of sputtering is shown in Fig. 9 . The angle perpendicular to the substrate is defined as 0 deg. The sputter angle dependence of the sputtered depth is measured and shown in 12)
The obtained oxidation data of IEO for a (111) surface are shown in Fig. 11 . The samples are oxidized by wet oxidation at 750 C and 700 C for 60 min with O 2 and 80% H 2 O. It is recognized that IEO is more enhanced at the lower temperature. Since the upper surface of the corrugated-channel structure is (110) and the sidewall surface is (111), it is necessary to consider the difference in oxidation rate between the surfaces associated with surface orientation. Arrhenius plots of the oxidation rate for surface orientation in wet oxidation for 60 min with O 2 and 80% H 2 O are shown in Fig. 12 .
The oxidized nondoped (a) and plasma-doped (b) corrugated-channel structures are shown in Fig. 13 . It is observed that oxidation rate clearly increased for doped structures. Considering the dependences of impurity concentration and surface orientation, 3-D doping concentration is evaluated as shown in Fig. 14 . Although a precise two-dimensional analysis of the oxidation rate around edges is required, the simple method described above is used in this study. In Fig. 14, oxide thickness dips are clearly observed at the top and bottom portions of the nondoped beam. This is caused by stress and is profound in low-temperature oxidation. 13) Thus, this doping concentration evaluation method becomes slightly inaccurate for sharp edges. However, as for the sample oxidized after doping, the oxidization thickness of the edge under the top portion is thin. This is probably caused by sputtering of already doped arsenic atoms. The top surface and edge of the beam are sputtered. The top portion of the beam is heavily doped by concentrated electric field, while the edge is sputtered resulting in a decrease in dopant concentration, as shown in Fig. 8 .
Beam resistance
A high-aspect-ratio beam can produce a large drive current per unit planar area. This is the merit of BCTs. However, as beam width becomes smaller, beam resistance increases resulting in a decrease in drain current. Therefore, beam resistance must be reduced with high-concentration doping. Plasma-doped and POCl 3 gas-doped corrugatedchannel structures are fabricated to evaluate beam resistance. POCl 3 gas doping is performed as follows: The preheating time is 5 min, the gas flowing time is 10 min and the subsequent annealing time is 3 min at 950 C. Results obtained using four-point probe measurement are shown in Fig. 15 . The resistance is normalized to a beam length of 1 mm. Three regimes can be presumed for beam resistance vs beam width behavior, as shown in Fig. 15 . They are regions in which (i) the beam width is very thin and the total area of the beam is heavily doped, (ii) the beam width spreads and the lightly doped region is extended, and (iii) the beam width is large and the resistance of the top planar portion is dominant. Our proposed model for characterizing resistance vs beam width behavior is shown in Fig. 16 . Resistances in plasma doping are approximately 50 times higher than those in POCl 3 gas doping. This is because plasma doping forms much shallower junctions. To characterize the micro loading effect of arsenic plasma doping, the relationship between beam resistance and beam space is evaluated. The results are shown in Fig. 17 . It is observed in general that a narrow space causes doping at low concentrations.
The oxidized POCl 3 -gas-doped corrugated-channel structure is shown in Fig. 18 . A very thick oxide of 200 nm thickness is formed uniformly on the sidewalls. An evaluation of this structure and a comparison with that of the plasma-doped structure are shown in Fig. 19 . The POCl 3 -gas-doped sample is more heavily doped than the plasmadoped one and does not exhibit anomalous sputtering. Cross sectional SEM images of the (a) POCl 3 -gas-doped and (b) plasma-doped regions are shown in Fig. 20 . SiO 2 is deposited by atmospheric-pressure CVD on the doped sample, and the section is etched with a mixture of HF and HNO 3 (1:60) after cleaving the sample. The doped region is etched to reveal the junction depth. POCl 3 gas doping formed deep junctions of 200 to 300 nm depth. Plasma doping formed shallow junctions of 30 to 60 nm depth. This result closely coincides with that of a planar structure in which the junction depth is approximately 15 nm immediately after doping and becomes 50 nm after annealing at 1000 C for 10 s. Compared with POCl 3 gaseous doping, plasma doping formed very shallow junctions.
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Conclusions
Plasma doping has been carried out in SOI corrugatedchannel structures of 1 mm height and 0.2-1 mm width. It was observed that sidewalls are doped uniformly with an average surface impurity concentration of approximately 1 Â 10 20 cm À3 , although the top surface of the beam was less doped due to the adverse effect of sputtering. Since IEO can form a thicker oxide with a higher impurity concentration, a doping profile estimation method utilizing IEO was successfully developed. However, IEO can evaluate the average surface impurity concentration across a silicon region that has been converted to SiO 2 . For in-depth profiling, it is possible to repeat the procedure of oxidation and oxide removal.
Gaseous doping such as POCl 3 doping is suitable for highconcentration and deep doping, while plasma doping is suitable for comparatively low concentration and shallow doping. Therefore, the source and drain regions of 3-D MOS transistors can be formed by gaseous doping, and extension regions can be formed by plasma doping. 
